A newly proposed taxonomy of Trichophyton mentagrophytes and related species was introduced and verified with the grounds for the new classification, phylogenetic analysis, and Templeton s cohesive species concept. So-called asexual species were shown to retain sexual ability and different host preferences were shown not to be comparable to different ecological niches. We showed that genealogical concordance phylogenetic species recognition(GCPSR)can be applied to so-called asexual Trichophyton species.
1．A newly proposed taxonomy of Trichophyton mentagrophytes complex and associated problems In 1999, the conventional morphological taxonomy of dermatophytes was reviewed based on accumulated sequence data, and some species were disposed of as synonyms of others, while some varieties(subspecies)were upgraded as individual species 1) . Twenty-four taxa, Trichophyton tonsurans, T. mentagrophytes and related species and varieties, were reclassified into 5 taxa, T. tonsurans, T. interdigitale(anamorph of Arthroderma vanbreuseghemii) , T. mentagrophytes, T. simii(anamorph of A. simii) , and T. erinacei(anamorph of A. benhamiae) . In 2007, this was changed by treating T. mentagrophytes as the anamorph of A. simii in place of T. simii and adding another anamorph of A. benhamiae, Trichophyton sp. 2) . Furthermore, in 2010 T. mentagrophytes was replaced by T. simii and treated again as an individual species, i. e., T. mentagrophytes var. quinckeanum 3) . The greatest problem in this taxonomy involves the definition of the termT. mentagrophytes. We understand it as one of the most familiar and cosmopolitan fungi comprising anamorphs of three Arthroderma species(A. simii, A. benhamiae, and A. vanbreuseghemii)and many morphological, physiological, and etiological varieties 4, 5) , var. asteroides, var. granulosum, var. interdigitale, var. erinacei, var. quinckeanum, etc. However, this taxonomy includes only var. quinckeanum, which is rarely isolated from mice and is not familiar to most dermatologists. Changing the definition of a species name may cause confusion among mycologists and clinicians. The revision, if made for legitimate reasons, should be accepted; however, it still seems questionable.
The second problem is the usage ofa zoophilic isolate of T. interdigitale.T. interdigitale was established as an anthropophilic species 6) and
the terms anthropophilic and zoophilic should be applied to species indicating a preference rather than to individual strains as the proposers of this new taxonomy themselves also stated at the beginning of their sequence of taxonomic papers 7) . In addition, they were eager to genetically discriminate between anthropophilic and zoophilic isolates of T. interdigitale 3) because gathering both former T. interdigitale and T. mentagrophytes as T. interdigitale is less informative for dermatologists. Signature polymorphisms in ITS for the differentiation of zoophilic and anthropophilic strains were reported in 2010 3) , and this was supported by Symoens et al. . The third problem is that their taxonomy was based mainly on phylogenetic relationships inferred from the ribosomal RNA gene internal transcribed spacer(ITS)region sequences. However, there is no evidence that analysis of the ITS is a more accurate means of determining species boundaries than other genes. Thus, it is likely that the classification will be changed again in future because of conflicts that will arise from other gene data. The taxonomy has already been changed twice since the first proposition in 1999 1−3) .
2．Basis of the taxonomy
The taxonomy is based on the phylogeny constructed with ITS sequences and the cohesive species concept proposed by Templeton 10) . In the phylogeny from ITS sequences, 24 species and varieties related to T. mentagrophytes and T. tonsurans were divided into 5 groups: the A. vanbreuseghemii group, A. simii group, A. benhamiae group, and two groups comprising no teleomorph species, T. tonsurans and T. mentagrophytes var. quinckeanum. Then, 5 Trichophyton species were proposed. However, that study did not include T. verrucosum and T. concentricum although these are known to be phylogenetically more closely related to A. benhamiae than the relationship between A. benhamiae and A. simii. Their taxonomy is thus not based completely on the phylogenetic relations.
The above-mentioned species were excluded from their phylogenetic analysis based on the suggestion that these species have speciated to adapt to the skin of particular animals(e.g., cows or humans) , which was suggested by Templeton s cohesive species concept 11) . According to the cohesive species concept, isolates from two different ecological niches evolve into two different species. However, it is questionable whether the differences in host preference correspond to differences in ecological niche in speciation. Furthermore, Templeton s cohesive species concept has no criterion for recognition of species boundaries or speciation end points.
In addition, they stated that GCPSR(genealogical concordance phylogenetic species recognition) 12) , which is a method of species recognition based on phylogenetic relations, is not available for asexual or clonal species such as T. rubrum, T. tonsurans, T. concentricum, and T. verrucosum because gene exchange cannot occur between these asexual fungi 13) . 3．Our opinion regarding the taxonomy We do not accept this taxonomy because it was concluded simplistically without confirming the clonality or rigidity of host preference. Although mating occurs extremely rarely, so-called asexual species can still retain sexual ability as many asexual species were shown to be sexually stimulated by A. simii 14, 15) . The differences in host preference are also not convincing because host preferences are not so strict as to cut off their habitats. We know that T. verrucosum is often isolated from humans and T. rubrum has also been isolated from dogs 16, 17) . Thus, differences in host preference seem not to affect evolution to the same degree as different ecological niches.
Therefore, we attempted to mate an A. simii isolate with so-called asexual species isolates and obtained some successful results of mating. Then, we applied GCPSR analysis to Trichophyton species to verify their taxonomy.
4．Mating results and availability of GCPSR analysis
So-called asexual fungi, such as T. rubrum or T. tonsurans, are known to be sexually stimulated by A. simii 14, 15) . Therefore, we expected that A. simii may actually mate with these Trichophyton species and not only with T. mentagrophytes, the anamorph of A. simii. We attempted many inter-species crosses.
A clinical isolate of A. simii(KMU 4810, mating type + =JCM 15689)from India has strong sexual ability and was used in our mating studies 18−20) . KMU 4810 mated with A. vanbreuseghemii(RV 27961, mating type −)and produced hybrid F1 progeny. These hybrids were confirmed by genotype analyses using three genes: rRNA gene internal transcribed spacer regions(ITS) , DNA topoisomerase 2 gene(TOP) , and actin gene (ACT) . Seven of 16 supposed ascospore-derived colonies showed hybrid genotypes 18) . Three of these 7 hybrid F1 progeny, Asv1(JCM 15690) , Asv11(JCM 15693) , and Asv14(JCM 15694) , were investigated for fertility. Asv1 was mated with A. vanbreuseghemii(RV 27961)and produced 3 hybrid second progeny. Asv14 was mated with A. vanbreuseghemii(RV 27960, mating type ＋)and produced 11 hybrid second progeny. Asv11 was mated with A. benhamiae(RV 30001, mating type −)and produced 3 hybrid second progeny, which were confirmed using additional ATPase 9 gene genotypes 19) .
A. simii(KMU 4810)also mated with A. benhamiae(RV 26680, mating type −)and produced a hybrid F1 progeny, Asb57(JCM 16626) . Asb57 mated with both A. benhamiae(RV 30001, mating type −)and A. vanbreuseghemii(RV27961) , and produced many hybrid second progeny 19) . Some of the second progeny were confirmed to have genes from three different species. For example, Asbv1(JCM 16627)has ITS from A. simii, TOP from A. benhamiae, and ACT from A. vanbreuseghemii 19) . Furthermore, A. simii mated with T. rubrum (KMU 4849 =JCM 16487)and produced a hybrid F1 progeny, Tr18(=JCM 16488) . Tr18 has ITS and TOP from T. rubrum, and ACT and mtDNA from A. simii. This Tr18 then mated successfully with A. benhamiae(RV26678, mating type +)and mature ascospores were observed 20) . The results outlined above indicate that three teleomorphs of T. mentagrophytes retain the ability to exchange genes with each other and even with T. rubrum. That is, three teleomorphs of T. mentagrophytes can be understood as conspecific and T. rubrum is never an asexual or clonal species. There is also additional evidence of their sexual reproductive ability. There have been previous reports of successful mating of T. concentricum 21) and T. mentagrophytes var. quinckeanum 22) . Therefore, we expect that other so-called asexual species of dermatophytes may also retain the ability to mate. GCPSR analysis seems available for any species of the genus Trichophyton, because they may not all be asexual.
5．Results of GCPSR analysis
GCPSR analysis is a method to recognize species boundaries on phylogenetic trees. Phylogenetic trees inferred from multiple unlinked DNA regions were compared based on tree topologies and the transition from concordance to incongruity among branches can be used to diagnose species 12) . GCPSR analysis was performed using 4 DNA regions: 5.8S rRNA gene and ITS regions 1 and 2(ITS) , a partial sequence of the actin gene including two introns(ACT) , a partial sequence of the DNA topoisomerase 2 gene including an intron(TOP) , and a partial sequence of the glyceraldehyde-3-phosphate dehydrogenase gene including an intron(GPD) 23) . Thirty-four isolates from 11 Trichophyton and 3 Arthroderma species and 1 each of A. fulvum and A. gypseum as an outgroup were analyzed. Phylogenetic trees of 36 isolates were constructed from each of 4 data sets using the PAUP* 4.0b10 program 24) . All four phylogenetic trees showed that the 34 isolates could be divided into 3 clades: A. simii clade, A. benhamiae clade, and T. rubrum clade. Topological incongruities were found among the three clades and within the clade of A. simii and A. benhamiae (Figure 1) .
First, the relationships among the 3 clades were evaluated by the Shimodaira-Hasegawa(SH) test 25) using simply constrained tree topologies of the 3 clades. The SH test in PAUP is a method used to compare and evaluate multiple tree topologies based on each data set as the best tree, possible tree, or rejected tree. Data sets from all four DNA regions could not reject other tree topologies, except for a case in which the TOP data set significantly rejected the topology of the best tree from the ACT data set 23) . Next, the relationships among isolates within the A. simii clade were evaluated by the SH test using 13 isolates from the A. simii clade and two isolates from the A. benhamiae clade as an outgroup. From the 4 data sets of ITS, ACT, TOP, and GPD, 8 tree topologies(ITS1, ITS2, ITS3, ITS4, ITS5, ACT1, TOP1, and GPD1)were generated by PAUP as the most parsimonious trees. The SH test indicated that the ITS, ACT, and TOP data sets significantly rejected tree topologies constructed by other data sets except the SH test using the ACT data set against the GPD1 tree (P=0. 242) , although the GPD data set could not reject topologies based on other data sets 23) . Similarly, the incongruity within the A. benhamiae clade was confirmed using the SH test 23) . According to the results of GCPSR analyses, species within the A. simii clade and the A. benhamiae clade may be considered as single phylogenetic species, respectively. Although this idea might seem contentious, A. benhamiae has reportedly produced an ascospore-derived isolate with morphology suggestive of T. verrucosum 26) .
6．Conclusion
We criticized the newly proposed taxonomy of Trichophyton species based on the observation that so-called asexual species are not asexual and are suitable for the GCPSR method. Although the results of GCPSR analyses suggested that species within the A. simii clade and A. benhamiae clade can be understood as conspecific, respec-tively, we do not propose any changes in nomenclature at present. Our mating results are from only 7 isolates of 4 species, and additional mating results are necessary before revision of the taxonomy will be accepted by dermatologists inexpert in phylogenetics.
Nevertheless, our results indicate that different DNA regions can result in different phylogenetic trees and that a phylogenetic tree based on the ITS region alone may not represent an accurate phylogenetic relationship. That is, a taxonomy based on the ITS sequences alone may not be supported by phylogenetic studies using other genes, and some discrepancies may arise meaning that the taxonomy would have to be re-revised in future.
This review was performed to highlight some problems in the newly proposed taxonomy of Trichophyton species and to propose use of the conventional taxonomy 4, 5) until a new acceptable taxonomy can be proposed in future.
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Circles with dotted lines indicate incongruities among branches. The numbers following species names represent KMU numbers 23) .
